a b s t r a c t Doushantuo-Pertatataka acritarchs (DPAs) are abundant and well preserved in the Ediacaran Doushantuo Formation in South China. Not only do they provide insights into the marine ecosystem immediately after a Neoproterozoic global glaciation, they also afford us an ideal tool for Ediacaran stratigraphic subdivision and correlation. However, previous reports of DPAs in South China are mostly from the Yangtze Gorges area in intra-shelf basin and from Weng'an in shelf margin environments, while data from localities in slope and basinal facies are lacking. Here we present lithostratigraphy, carbon and strontium isotope chemostratigraphy, and acritarch biostratigraphy of the Doushantuo Formation from an upper slope section at Lujiayuanzi in northwestern Hunan Province, South China. Five DPA genera and eight species are preserved in the Doushantuo Formation chert nodules, with the uppermost two DPA horizons occurring above a d 13 C negative excursion that is correlated with the EN3/Shuram excursion based on integrated litho-and chemostratigraphic correlation. Our new findings reveal a broader temporal and spatial distribution of DPAs in South China, and further support their biostratigraphic potential in the early-middle Ediacaran subdivision and correlation.
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Introduction
Ediacaran large acanthomorphic microfossils, known as Doushantuo-Pertatataka acritarchs (DPAs) (Narbonne et al., 2012; Zhou et al., 2001 , have gained much attention in the past decades because of their importance in understanding Ediacaran biosphere and biostratigraphy Cohen et al., 2009; Golubkova et al., 2010; Grey, 2005; Liu et al., 2013a Liu et al., , 2014a McFadden et al., 2009; Moczydłowska, 2015; Moczydłowska and Nagovitsin, 2012; Narbonne et al., 2012; Xiao et al., 1998 Xiao et al., , 2014 Xiao et al., , 2016 . Currently available data from South China suggest that at least in the Yangtze Gorges area, DPAs appeared shortly after the termination of the Marinoan global glaciation , and disappeared at the horizon yielding a prominent carbon isotopic anomaly (EN3, likely equivalent to the Shuram excursion) in the middle Ediacaran Period (Liu et al., 2014a; Narbonne et al., 2012; Xiao et al., 2016) , which represents one of the most pronounced negative carbon isotopic excursions in Earth history (Grotzinger et al., 2011) and has been considered as a potential chemostratigraphic tool for Ediacaran subdivision and global correlation . However, biostratigraphic data from Russian Plate hint that DPAs may extend above the Shuram-equivalent horizon (Golubkova et al., 2015) . Therefore, it is important to document the full stratigraphic range of DPAs in the Yangtze Block of South China in order to test whether DPAs extend above the Shuram excursion.
In the past few decades, abundant DPAs have been reported from chert nodules and phosphorites of the lower-middle Ediacaran Doushantuo Formation in the Yangtze Block of South China (Fig. 1A) (Liu et al., 2014a,b; McFadden et al., 2009; Xiao, 2004a; Xiao et al., 2014; Zhang et al., 1998; . Phosphatized microfossils have been reported from many places on the Yangtze block, including Weng'an in central Guizhou Province Yuan and Hofmann, 1998; Zhang et al., 1998) , Chadian in southern Shaanxi Province , Zhangcunping (McFadden et al., 2009 , and references therein) and Baizhu (Zhou et al., 2001 (Zhou et al., , 2004 in western Hubei Province, and Chaoyang in eastern Jiangxi Province (Zhou et al., 2002) ( from the Doushantuo chert nodules in the Yangtze Gorges areas of western Hubei Province (Liu et al., 2014b; Xiao, 2004b; Zhang et al., 1998; . Compared with the phosphatized assemblages that are mostly preserved in reworked clasts and restricted within specific phosphorite horizons, silicified DPAs are generally preserved in situ and thus have greater potential in Ediacaran acritarch biostratigraphy (Liu et al., 2013a (Liu et al., , 2014a McFadden et al., 2009; . For example, in the Yangtze Gorges area, two acanthomorph assemblage zones have been recognized-the Tianzhushania spinosa assemblage zone in the lower Doushantuo Formation and the Hocosphaeridium anozos assemblage zone in the middle-upper Doushantuo Formation (Liu et al., 2013a (Liu et al., , 2014b McFadden et al., 2009; Xiao et al., 2016; Yin et al., 2011a) . The Tianzhushania spinosa assemblage zone is absent from early Ediacaran successions in many other continents such as Australia and Siberia (Grey et al., 2003; Liu et al., 2013a Liu et al., , 2014a Moczydłowska and Nagovitsin, 2012; Narbonne et al., 2012; Xiao et al., 2014) . Currently available data indicate that acanthomorphs of the Hocosphaeridium anozos assemblage zone do not extend above the Shuram-equivalent negative carbon isotope excursion EN3 in South China (Liu et al., 2014a,b) .
Previous attempts to recover DPAs preserved in the chert nodules outside the Yangtze Gorges area in South China have met with limited success. Silicified DPA microfossils have been reported from the slope facies Siduping section (Hawkins et al., 2014) , but detailed biostratigraphic data have not been published. Here we report a systematic lithostratigraphic, carbon and strontium isotope chemostratigraphic, and paleontological study on the Ediacaran Doushantuo Formation at Lujiayuanzi section in northwestern Hunan Province, South China. Integrated litho-, chemo-, and biostratigraphic data of the Doushantuo Formation at Lujiayuanzi improve the correlation of the Doushantuo Forma- tion between the upper slope facies and shelf basin in the Yangtze Gorges area. In contrast to previous speculations, the new data suggest that the DPAs continue to exist after the middle Ediacaran EN3/Shuram anomaly.
Geological background and stratigraphy of the Doushantuo Formation at Lujiayuanzi
In the Yangtze Block, the Ediacaran succession consists of the Doushantuo and Dengying/Liuchapo formations. The Doushantuo Formation (635 Ma-551 Ma, Condon et al., 2005 , but see An et al., 2015 for a different view) is generally characterized by a mixture of siliciclastic and carbonate rocks, with variations in litho-, bio-and chemostratigraphy among sections in different paleogeographic localities (Jiang et al., 2007 (Jiang et al., , 2011 Li et al., 2010; Liu et al., 2013a; Zhu et al., 2007 Zhu et al., , 2013 .
The Doushantuo Formation in the Yangtze Block was deposited in a passive continental margin that was located in a low-middle latitude area and was adjacent to Australia and/or India (Jiang et al., 2003; Joshi and Tiwari, 2016; Li et al., 1995; Macouin et al., 2004; Zhang et al., 2013) . It is widely accepted that this continental margin was a rimmed shelf at least during the depositional stage of the middle-upper Doushantuo Formation, consisting of an intertidal platform in Yunnan and eastern Sichuan provinces, an intra-shelf basin/lagoon in western Hubei, southeastern Chongqing, and northern Guizhou provinces, a shallow water marginal barrier dominated by carbonate and phosphorite stretching from northwestern Hunan to central Guizhou provinces, and a deep water basin in southern Hunan, northern Guangxi and eastern Guizhou provinces (Cao et al., 1989; Jiang et al., 2011; Vernhet and Reijmer, 2010; Zhu et al., 2013) (Fig. 2) .
The Lujiayuanzi section (29°13.854 0 N, 110°47.710 0 E), $4.5 km to the east of the Xikou Town of the Zhangjiajie City (Fig. 1B, C) , was located in the uppermost slope facies (Fig. 2B) . In this region, the Neoproterozoic to lowermost Cambrian succession contains the Tonian Banxi Group of metamorphosed sandstone and siltstone with tuffaceous interlayers, the Cryogenian Nantuo Formation, the Ediacaran Doushantuo and Dengying formations, and the Cambrian Niutitang Formation (Zhao et al., 2012) . Due to local tectonic activities, hydrothermal quartz and calcite veins are common in this area.
At the Lujiayuanzi section, the Doushantuo Formation is approximately 300 m in thickness, and is dominated by limestone (Figs. 3 and 4A ). The lowest unit is a 2.5-m-thick cap carbonate, with the lower 2 m consisting of dolomicrite and recrystallized dolostone intersected by calcite and quartz veins, and the upper 0.5 m consisting of dolomitic limestone rich in pyrite.
Overlying the cap carbonate is a $60-m-thick interval characterized by calcareous silty shale and argillaceous dolostone (Fig. 5A ). Clasts are mostly quartz, feldspar, mica, and phosphatic silts. Chert nodules occur in this interval and further upsection in the Doushantuo Formation. In the upper part of this interval, the strata show strong soft-sediment deformation structures (Fig. 4B) .
Further upsection, from 60 m to 120 m, the Doushantuo Formation is composed of micrite and dolomitic micrite (Fig. 5B) . At certain horizons, micrite beds are intercalated with argillaceous, organic-rich limestone beds. Recrystallized and vein calcite is common in this unit (Fig. 5C) .
Limestone in the 120-185 m interval becomes more argillaceous and organic rich (Fig. 5D ). Peloidal layers occur occasionally (Fig. 5E ). Above this unit there is a $60 m interval mainly composed of thin-bedded recrystallized micrite (Fig. 5F ), and characterized by large slump structures (Fig. 4C ) in the middle-upper part.
The top 40 m of the Doushantuo Formation is dominated by peloidal limestone or dolomitic limestone (Fig. 5G) . Small-scaled cross beds occur in this interval (Fig. 4E) . Chert nodules or discontinuous cherty bands are abundant (Fig. 4D ). This interval is capped by the Doushantuo-Dengying boundary, which is marked by the disappearance of limestone and the first occurrence of massive dolostone (Figs. 4F and 5H) .
Despite the occasional occurrence of peloidal limestone, the sparsity of sedimentary structures indicative of high energy hydrodynamic conditions such as cross-beds suggests an overall depositional environment below the fair weather wave base. The lithostratigraphic succession of the Doushantuo Formation includes two shallowing-upward sequences above the cap carbonate unit (Fig. 3) . The occurrence of gravity-induced soft-sediment deformation structures in both lower and upper parts of the Doushantuo Formation indicates that this formation was deposited in a slope facies, which is consistent with the paleogeographic reconstruction proposed by Jiang et al. (2011) . 
Materials and methods
Totally 175 rock samples were collected from the Doushantuo Formation and two samples were collected from the basal Dengying Formation (Tables 1 and 2 ). Thin sections were prepared for petrographic analysis. Chert nodule samples were collected from 18 stratigraphic horizons, and 78 thin sections were made for microfossil investigation ( (Table 2) . Thirty carbonate samples were selected for element and strontium isotope analyses (Table 2 ). Approximately 50 mg of microdrilled powders were dissolved in diluted acetic acid, and the supernatant solution was analyzed for trace element concentrations on an ICP-MS in the Key Laboratory of Economic Stratigraphy and Palaeogeography, NIGPCAS.
Sr isotope measurement followed a two-step leaching technique established by Li et al. (2011) . Approximately 0.1 g micro-drilled sample powder was pre-leached by diluted acetic acid and measured for carbonate content. Then, $50 mg of the powder was lea- ched twice to dissolve an estimated amount of 30% and 40% carbonate, successively. Sr released from the second leach was dissolved in diluted nitric acid, and was then purified through a cation resin column. The amount of dried purified Sr is consistent with the result of elemental analysis. The re-dissolved Sr was loaded on a tungsten filament for isotopic analysis. Sr isotope ratios were determined on a Triton TIMS (Finnigan Thermo, Germany) 
Results and data evaluations

Paleontological data
Macroscopic ($1-2 mm in diameter) carbonaceous discoidal fossils were discovered from 4 horizons in the upper Doushantuo Formation (Fig. 3) . They are 150-550 lm in thickness, bear no concentric folds or other diagnostic structures, and are densely distributed on the bedding surfaces (Fig. 6A ). We tentatively identify them as Chuaria sp. (Fig. 6B, C) .
Microfossils have been discovered from 11 of the 18 chert nodule samples (Table 1) , including filamentous and coccoidal prokaryotes, multicellular algae, acanthomorphic acritarchs, and sphaeromorphic acritarchs. These fossils represent taxa previously described from chert nodules of the Doushantuo Formation in South China.
Filamentous cyanobacteria fossils occur from the lowest ($40 m above the base of Doushantuo Formation) to the highest fossiliferous horizon ($269.5 m above the base) ( Table 1 , Fig. 7H, I ), although they are relatively rare and poorly preserved. Most filaments, preserved both as individuals and as clusters, can be assigned to the form genus Siphonophycus (Fig. 7I ). Considering their high abundance in the Doushantuo Formation chert nodules in the Yangtze Gorges area (Liu et al., 2014b; Zhang et al., 1998) , the rare occurrence of filamentous cyanobacteria at Lujiayuanzi may be related to paleoecological or taphonomical factors.
Simple spheroids only occur at two horizons, at 213 m and 269.5 m from the base of the Doushantuo Formation, and they are here tentatively referred to as Leiosphaeridia sp. (Fig. 7B ). Only one specimen of multicellular alga has been found from a chert nodule at 114.8 m above the base of the Doushantuo Formation (Table 1 , Fig. 7A ). Despite its incomplete preservation due to the truncation of a calcite crystal, its linearly aligned cuboidal cells are a diagnostic feature of Wengania globosa, which has been interpreted as stem group florideophytes .
Acanthomorphs are present at 5 horizons ranging from 40 m to 264 m above the base of the Doushantuo Formation. In total 26 specimens of spiny acritarchs have been recognized, and 23 of them are identifiable at least to the genus level (Table 1) . These spiny acritarchs represent 5 genera and 8 species, according to taxonomic treatments of Grey (2005), Liu et al. (2014b) , Moczydłowska (2005) , Moczydłowska and Nagovitsin (2012) , and Xiao et al. (2014) .
The lowest acanthomorph-bearing sample yielded only one acritarch specimen identified as ?Cavaspina basiconica. It has a spherical vesicle with relatively short spines that are hollow and freely communicate with vesicle interior (Fig. 8A-C) . Some processes have small triangle deflated bases, whereas others taper gradually (Fig. 8B, C ), making it difficult to determine whether the basal expansion is a taphonomic artifact. The genus Cavaspina and its type species C. basiconica were both considered as junior synonyms of Meghystrichosphaeridium, Goniosphaeridium, and Gyalosphaeridium (Grey, 2005; Zhang et al., 1998) , but here we follow Moczydłowska (2005) and Xiao et al. (2014) in retaining this genus and its type species.
One highly deformed specimen was observed at 149.5 m ( Fig. 8D-F) . The size of this specimen is estimated to be 200-500 lm in diameter. Despite the poor preservation, its hollow, thin, almost cylindrical and densely distributed processes (Fig. 8E , F) resemble those of Appendisphaera, and comparison with described Appendisphaera species suggests an assignment to A. fragilis. This specimen is somewhat similar to Ediacaran acanthomorphic acri- tarchs from the Baklia Formation in Svalbard described by Knoll (1992) as Ericiasphaera spjeldnaesii. Although the Svalbard specimens were said to have solid processes, they appear to bear thin hollow processes, and a re-examination of the specimens at higher magnification is needed to confirm the nature of their processes.
Three well-preserved acanthomorph specimens were discovered at 200.7 m. The best-preserved specimen is characterized by processes with a distally expanded and truncated termination and a constricted waist just below the distal expansion. This specimen is assigned to Urasphaera fungiformis based on the morphology of the processes, including their proportionate length, basal width, and uniformity in process shape (Fig. 8G-J) . The specimen is broadly similar to Briareus borealis, whose processes are also distally and basally expanded (Knoll, 1992) . However, as pointed out by Liu et al. (2014b) , the processes of Briareus borealis are shorter, much more closely spaced, and have a weakly developed waist.
Two specimens from 200.7 m are assigned to Mengeosphaera on the basis of their prominently biform processes. One of them is tentatively identified as M. latibasis?, which has a large vesicle bearing processes with obtusely inflated basal expansion supporting a long and thin apical end ( Fig. 8K-N) . The taxonomic identification is tentative because compared with the M. latibasis specimens described by Liu et al. (2014b) , our specimen is a little larger, and the height/width ratio of basal expansion is also relatively higher. The other specimen is tentatively identified as M. spicata?, which has a small vesicle bearing relatively large and densely distributed processes with an inflated basal expansion ( Fig. 8O, P) . The taxonomic identification is tentative because the diagnosis of this species requires its processes with a basal expansion longer than wide and an apical end that tapers to a blunt end (Liu et al., 2014b) , but neither of the two features can be found in our specimen.
One poorly preserved acanthomorphic acritarch was discovered at 257.5 m. It resembles the genus Xenosphaera in its thin and hollow processes ( Fig. 7C-E) , although most processes preserve only the basal part, and the specimen is much larger than X. liantuoensis, the only species of Xenosphaera. Thus, we refrain from a formal taxonomic assignment for this specimen.
The highest acanthomorph-bearing bed is relatively more fossiliferous. Twenty acanthomorphic acritarch specimens were discovered, thirteen of which are assigned to the genus Knollisphaeridium and five to the genus Mengeosphaera. Eight Knollisphaeridium specimens are identified as K. maximum based on their gradually tapering conical processes that are simple in shape ( Fig. 9A-H) . The other five specimens are poorly preserved and cannot be identified at the species level. The five Mengeosphaera specimens are quite similar to each other. However, following the taxonomic classification for Mengeosphaera established by Liu et al. (2014b) and Xiao et al. (2014) , we tentatively classified four of them as M. chadianensis (Fig. 9L, M) and M? cuspidata (Fig. 9I-K) , whereas the fifth remains unidentifiable at the species level (Table 1 ). An indeterminate specimen was also discovered from this horizon (Fig. 7F, G) . This specimen resembles Mengeosphaera minima and Tanarium elegans in its small vesicle, as well as the density and basal width of its processes. However, no biform process can be observed from this specimen, and its processes are too short compared with those of T. elegans. Thus, no taxonomic identification is given for this specimen. The last specimen found at this horizon is poorly preserved with only three processes visible.
Our observation suggests that larger forms (e.g., Knollisphaeridium and Mengeosphaera) are preserved much better than smaller ones (e.g., most filamentous and coccoidal microfossils), and acanthomorphs with more robust processes are usually better preserved, indicating that small microfossils are subject to taphonomic destruction due to diagenetic recrystallization of chert nodules. Table 1 Microfossil occurrence at the Lujiayuanzi section. Table 2 and illustrated in Fig. 3 . (Fig. 3) . Two intervals with negative value are observed in the basal and upper parts of the Doushantuo Formation. The basal negative excursion is largely in the cap carbonate, with a nadir of À4.6‰ (Fig. 3) . Oxygen isotopic composition is more sensitive to postdepositional alteration compared with carbon isotopic composition, because it is less buffered against fluid-rock interactions. Fig. 3 ; Table 2 ). They are significantly more radiogenic than previously published data from the Doushantuo Formation in South China (Cui et al., 2015; Sawaki et al., 2010) and lower-middle Ediacaran successions around the world (Halverson et al., 2007; Narbonne et al., 2012; Xiao et al., 2016 Sr ratios may be attributed to the dissolution of recrystallized calcite and clay minerals during acid leaching in the laboratory (e.g. Liu et al., 2013b) .
Discussion
Regional and global comparisons of DPA composition at Lujiayuanzi section
Most (seven in eight) acanthomorph species identified from the Lujiayuanzi section have been previously known from the Doushantuo Formation in the Yangtze Gorges area of South China (Table 3) . However, the two taxonomically distinct and biostratigraphically significant DPA assemblage zones established in the Yangtze Gorges area cannot be distinguished at Lujiayuanzi (Liu et al., 2013a (Liu et al., , 2014a McFadden et al., 2009; Yin et al., 2011a; . The eponymous taxa of the two assemblage zones, Tianzhushania spinosa and Hocosphaeridium anozos, have not been recovered from the Lujiayuanzi section. It should be emphasized, however, that the lowest DPA-bearing bed at Lujiayuanzi is only $40 m above the base of the Doushantuo Formation and occurs in the lower shallowing upward sequence (Fig. 3) . Lithostratigraphic correlation with the Doushantuo Formation in the Yangtze Gorges area suggests that acanthomorphic acritarchs discovered at horizons of $40 m and 114.8 m at the Lujiayuanzi section may be assigned to Tianzhushania spinosa assemblage zone (Fig. 11) . Among the eight taxonomically identified acanthomorph species found at Lujiayuanzi, ?Cavaspina basiconica, Knollisphaeridium maximum, and Mengeosphaera chadianensis are known to occur in both the Tianzhushania spinosa and Hocosphaeridium anozos assemblage zones in the Yangtze Gorges area (Table 3) , whereas among the other five species, Mengeosphaera? cuspidata, M. latibasis?, M. spicata?, and Urasphaera fungiformis were erected by Liu et al. (2014b) based on specimens found in the Hocosphaeridium anozos assemblage zone in the Yangtze Gorges area. Additionally, leiosphere clusters at two horizons near 213 m in the Lujiayuanzi section resemble those characterize in the Hocosphaeridium anozos assemblage zone in the Yangtze Gorges area (Liu et al., 2014b; Yin et al., 2011a) . Thus, although the limited number of taxa at Lujiayuanzi does not allow a recognition of the two DPA assemblage zones established in the Yangtze Gorges, elements of the Hocosphaeridium anozos assemblage zone are also recorded at Lujiayuanzi.
Attempts to identify the Tianzhushania spinosa and Hocosphaeridium anozos assemblage zones outside South China have yielded limited success. Elements of the Tianzhushania spinosa assemblage zone, including the eponymous species, have been identified from the Infrakrol Formation in the Lesser Himalaya region of northern India (Joshi and Tiwari, 2016) , establishing a possible biostratigraphic tie point between South China and northern India. Similarly, many elements of the Hocosphaeridium anozos assemblage zone, including the eponymous species, have been found in the Ediacaran complex acanthomorphic palynoflora (ECAP) of Australia (Grey, 2005; Willman and Moczydłowska, 2008) . Ediacaran acanthomorph assemblages from Siberia and East European Platform are taxonomically diverse, but thus far neither Table 3 A list of DPA genera and species from the Doushantuo Formation at Lujiayuanzi and their global occurrence. Denotes presence of the genus/species. Data sources: Yangtze Gorges area (Liu et al., 2013a (Liu et al., , 2014b McFadden et al., 2009; Yin et al., 2007; Zhang et al., 1998) ; Weng'an Yin et al., 2011b) ; Australia (Grey, 2005) ; Siberia (Moczydłowska, 2005; Moczydłowska and Nagovitsin, 2012) ; Lesser Himalaya (Shukla and Tiwari, 2014; Tiwari and Knoll, 1994; Tiwari and Pant, 2004) ; Svalbard (Knoll, 1992) ; Southern Norway (Adamson and Butterfield, 2014) .
Tianzhushania spinosa nor Hocosphaeridium anozos have been found .
Biostratigraphic implications of DPAs in the Lujiyuanzi section
Stratigraphic correlation of the Doushantuo Formation between the Lujiayuanzi section and the Yangtze Gorges area
In the Yangtze block, Ediacaran successions consist of the Doushantuo and Dengying formations or their equivalents. The lower and middle Ediacaran ($635-551 Ma) Doushantuo Formation is dominated by organic-rich siliciclastics and carbonate rocks, whereas upper Ediacaran strata consist of Dengying Formation dolostone deposited in shallow water facies and Liuchapo Formation siliceous rocks deposited in slope and basinal facies (Cao et al., 1989) . While the thickness and lithology vary in different depositional facies, the Doushantuo Formation in slope/basinal facies (e.g., the Siduping section in Hunan Province and the Wuhe section in Guizhou Province, as well as the Lantian Formation in southern Anhui Province) can be easily correlated with the Doushantuo Formation in the Yangtze Gorges area (i.e., Jiulongwan section) (Jiang et al., 2007; Wang et al., 2016 Wang et al., , 2017a Yuan et al., 2011) . This correlation is further supported by numerous C and Sr isotope chemostratigraphic studies (Jiang et al., 2007; Lu et al., 2013; Wang et al., 2016; Zhu et al., 2007 Zhu et al., , 2013 .
Since Sr isotopic data in the Lujiayuanzi section fail to serve as a stratigraphic correlation tool as discussed above, the attempt to correlate the Doushantuo Formation at Lujiayuanzi and other localities is mainly based on lithostratigraphic sequence and carbon isotopic profiles.
The Doushantuo Formation at Lujiayuanzi and Zhongling (also in the northwestern Hunan Province), both of which were deposited in the marginal shelf environment, can be readily correlated (Figs. 2 and 11) . Several chemostratigraphic studies have been carried out at the Zhongling section and the nearby Yangjiaping section (Cui et al., 2015; Furuyama et al., 2016; Kunimitsu et al., 2011; Li et al., 2010; Zhu et al., 2007) . At both Lujiayuanzi and Zhongling sections, the Doushantuo Formation can be subdivided into two shallowing-upward sequences: the lower sequence is shale-dominated at the bottom part and is followed by a pure limestone interval, whereas the upper sequence starts with carbonate rocks intercalated with argillaceous carbonate or shale, which is succeeded by tens of meters intraclastic carbonate rocks and phosphorite beds (Fig. 11) .
Carbon isotopic profile of the Doushantuo Formation at Lujiayuanzi also resembles that of the shelf margin Zhongling section (Fig. 11) . At both sections, the cap carbonate yields negative values and can be correlated with EN1 in the Yangtze Gorges area. The lower few to tens of meters of strata above the cap carbonate are characterized by frequent variations in d 13 C carb values around 0‰, a feature that has also been reported from equivalent strata at other sections across the Yangtze Block (Wang et al., 2017b (Figs. 3, 11) .
The Doushantuo Formation at the Zhongling and Yangjiaping sections was traditionally correlated with the entire Doushantuo Formation at Jiulongwan in the Yangtze Gorges area, with the C Intertidal platform Intra shelf basin Shelf margin Slope J iu lo n g w a n Z h o n g li n g / Y a n g ji a p in g L u ji a y u a n z i 
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Cry P P P P P P P P P P P P -10 0 +10 isotopic excursion in the upper Doushantuo Formation at Zhongling and Yangjiaping correlated with EN3 at Jiulongwan Zhu et al., 2007) . Mainly based on 87 Sr/ 86 Sr ratios which rise at the onset of the upper Doushantuo C isotopic excursion and reach a peak of 0.7085 at Yangjiaping and 0.7083 at Zhongling, Cui et al. (2015) re-evaluated this correlation and considered the upper Doushantuo C isotopic excursion of the outer shelf sections as equivalent to the lower part of EN3, i.e., EN3a recognized by McFadden et al. (2008) . Accordingly, the main part of EN3 (EN3b in thin-bedded limestone + EN3c in the carbonate concretions within black shales, McFadden et al., 2008) , in which the 87 Sr/ 86 Sr ratio reaches 0.7090 in Yangtze Gorges area (Sawaki et al., 2010) , is missing from the Zhongling section (Cui et al., 2015) . This interpretation predicts a depositional break in the uppermost Doushantuo Formation at Zhongling and Yangjiaping sections. However, no obvious stratigraphic break or subaerial erosion has been observed at these sections, although the existence of cryptic sedimentary breaks cannot be ruled out, considering that the prevalent occurrence of oolitic and intraclastic carbonates in the uppermost Doushantuo Formation at Zhongling and Yangjiaping suggests deposition in an overall shallow and high-energy intertidal environment (Vernhet and Reijmer, 2010) . Alternatively, the main part of EN3 may extend to the lower Dengying Formation at Zhongling and Yangjiaping sections, implying the diachronous nature of the Doushantuo/Dengying boundary (Cui et al., 2015) . Detailed d 13 C investigation of multiple sections of the Doushantuo Formation in the Yangtze Gorges area indicates that the presence of EN3b is dependent on the occurrence of thin-bedded limestone, whose absence in many sections may be due to rapid lateral facies change and/or cryptic sedimentary breaks . Furuyama et al. (2016) (Sawaki et al., 2010) . Accordingly, Furuyama et al. (2016) inferred that strata equivalent to Member III and IV in the Yangtze Gorges area are completely missing from the Yangjiaping section. However, the elevated 87 Sr/ 86 Sr ratios at the EN2 interval in the Yangtze Gorges area are mostly from dolomitic and argillaceous samples (Sawaki et al., 2010) , which are unsuitable for Sr isotopic measurements (Cui et al., 2015; Xiao et al., 2016) . Additionally, this rise in 87 Sr/ 86 Sr below EN3 has not been reported from synchronous Doushantuo limestones outside the Yangtze Gorges area. More importantly, this correlation is inconsistent with lithostratigraphic sequences of the Doushantuo Formation, which demonstrates two shallowing-up cycles at both localities ( Fig. 11) (Jiang et al., 2011) . In summary, the similar lithostratigraphic sequences of the Doushantuo Formation in shelf basin and shelf margin environments support the correlation of the upper Doushantuo C isotopic excursions between the shelf margin sections (e.g., Lujiayuanzi, Zhongling, and Yangjiaping) and the shelf basin sections (e.g., Jiulongwan in the Yangtze Gorges area). Our preferred correlation suggests that the negative carbon isotope excursion in the upper Doushantuo Formation at Lujiayuanzi, Yangjiaping, and Zhongling section can be approximately correlated with EN3 at the Jiulongwan section (Fig. 11) .
Relationship between DPA's stratigraphic range and EN3
Previously, occurrences of DPAs have only been confirmed from stratigraphic horizons below EN3 or their equivalent intervals (Golubkova et ). It has been further speculated that environmental changes (e.g., surface water anoxia, final oxidation of the global ocean) as recorded in EN3 drove the extinction of DPAs (Cohen et al., 2009; Jiang et al., 2007; Zhou et al., 2012) . However, the preservation of DPAs is strongly influenced by taphonomic processes and the full stratigraphic range of DPAs may have been underestimated. For example, in the Yangtze Block, DPAs are only preserved in early diagenetic chert nodules and phosphorites, which are rare above EN3. Similarly, in Australia where DPAs are preserved as organicwalled microfossils in fine grained siliciclastic rocks, Ediacaran succession above the Wonoka excursion is dominated by sandstone (Grey, 2005; Grey and Calver, 2007) . Thus, the disappearance of DPAs after EN3/Wonoka excursion may also be due to the absence of lithologies suitable for DPA preservation.
The uppermost two DPA-containing beds in the Lujiayuanzi section (i.e., Knollisphaeridium and Mengeosphaera at 264 m, a poorlypreserved acanthomorph at 257.5 m, respectively) are both above the d 13 C negative excursion. If we accept the correlation between the upper Doushantuo C isotopic anomaly at the Lujiayuanzi section and EN3 in the Yangtze Gorges area, the occurrence of Knollisphaeridium and Mengeosphaera at Lujiayuanzi suggests that some elements of large acanthomorphic acritarchs may have survived whatever environmental change recorded by EN3, opening the possibility that DPAs may co-occur with Ediacara-type macroscopic organisms.
The stratigraphic relationship between DPAs and Ediaraca-type macrofossils has been a matter of debate. Knoll and Walter (1992) proposed that DPAs largely predate Ediacara-type macrofossils, and the observation that the Ediacara-type macrofossils appeared immediately after the Gaskiers glaciation indicates that DPAs and Ediacara-type macrofossils may be separated by the $580 Ma Gaskiers glaciation (Xiao and Laflamme, 2009 ). However, largely owing to the absence of reliable radiometric ages for the Ediacaran carbon isotopic excursions, the Gaskiers glaciation has been variously correlated with the WANCE negative carbon isotope excursion in the lower Doushantuo Formation (Condon et al., 2005; Zhu et al., 2013) , the positive carbon isotope excursion EP1 in the lower Doushantuo Formation based on the occurrence of glendonites (Wang et al., 2017b) , the negative carbon isotopic excursion EN2 in the middle Doushantuo Formation (Macdonald et al., 2013; Sawaki et al., 2010) , or the negative carbon isotope excursion EN3 in the uppermost Doushantuo Formation (Halverson et al., 2005; Wang et al., 2014; Xiao, 2004a; . These divergent correlations make it difficult to resolve the stratigraphic relationship between DPAs and Ediacara-type macrofossils, thus complicating our efforts to sequence Ediacaran evolutionary, climatic, and geochemical events . However, there are increasing evidence suggesting that elements of the Ediacara biota may range downward to the lower Ediacaran System (Macdonald et al., 2013; Xiao et al., 2013) and some DPA taxa may range upward above the level of Shuram excursion (Golubkova et al., 2015 ; this study). DPAs and Ediacara-type macrofossils may have overlapping stratigraphic ranges, regardless how the carbon isotope excursions are correlated with Gaskiers glaciation.
Conclusions
The Doushantuo Formation at the Lujiayuanzi section is mainly composed of carbonate rocks that were deposited in an upper slope environment. Five genera and eight species of DoushantuoPertatataka acritarchs (DPAs), together with a few other silicified microfossils, have been recovered from chert nodule horizons throughout the Doushantuo Formation at Lujiayuanzi. DPA taxa at Lujiayuanzi are taxonomically similar to those from the Doushantuo Formation in the Yangtze Gorges area. The lower and upper assemblage zones identified in the Doushantuo Formation in the Yangtze Gorges area, however, have not been recognized at Lujiayuanzi.
At Lujiayuanzi, the highest DPA-bearing beds are above a d 13 C negative excursion that can be correlated with EN3 in in the upper Doushantuo Formation, which has been correlated with the Shuram negative carbon isotope excursion. Thus, the last appearance of DPAs in the Lujiayuanzi section may postdate the EN3/Shuram/Wonoka excursion, suggesting that DPAs may have survived the environmental perturbation represented by EN3 and coexisted with the Ediacara-type macroscopic organisms in the late Ediacaran Period. More palaeontological investigation is needed to test this expectation.
